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abstract

 

We examined the block of voltage-dependent rat skeletal muscle sodium channels by derivatives of

 

�

 

-conotoxin GIIIA (

 

�

 

CTX) having either histidine, glutamate, or alanine residues substituted for arginine-13.
Toxin binding and dissociation were observed as current fluctuations from single, batrachotoxin-treated sodium
channels in planar lipid bilayers. R13X derivatives of 

 

�

 

CTX only partially block the single-channel current, en-
abling us to directly monitor properties of both 

 

�

 

CTX-bound and -unbound states under different conditions.
The fractional residual current through the bound channel changes with pH according to a single-site titration
curve for toxin derivatives R13E and R13H, reflecting the effect of changing the charge on residue 13, in the
bound state. Experiments with R13A provided a control reflecting the effects of titration of all residues on toxin
and channel other than toxin residue 13. The apparent pKs for the titration of residual conductance are shifted
2–3 pH units positive from the nominal pK values for histidine and glutamate, respectively, and from the values
for these specific residues, determined in the toxin molecule in free solution by NMR measurements. Toxin affin-
ity also changes dramatically as a function of pH, almost entirely due to changes in the association rate constant,
k

 

on

 

. Interpreted electrostatically, our results suggest that, even in the presence of the bound cationic toxin, the
channel vestibule strongly favors cation entry with an equivalent local electrostatic potential more negative than

 

�

 

100 mV at the level of the “outer charged ring” formed by channel residues E403, E758, D1241, and D1532. As-
sociation rates are apparently limited at a transition state where the pK of toxin residue 13 is closer to the solution
value than in the bound state. The action of these unique peptides can thus be used to sense the local environ-
ment in the ligand-–receptor complex during individual molecular transitions and defined conformational states.
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I N T R O D U C T I O N

 

Under physiological conditions, the degree of protona-
tion of protein side chains plays a key role in determin-
ing the catalytic properties of metabolic enzymes, trans-
porters, and ion channels. Among the “P-loop” family
of cation channels (e.g., Moczydlowski, 1998), two gen-
eral kinds of effects of protonation are seen: block of
ion conduction through the open channel (or a de-
crease in maximal conductance in whole-cell record-
ings) and changes in gating function, with titration of
specific side chain carboxylate (Asp, Glu) or imidazole
(His) groups being implicated in several cases (De Biasi
et al., 1993; Lopes et al., 2000, 2001; Kehl et al., 2002).
Changes in pH may also have an important influence
on interactions of channels with natural ligands (Vivau-
dou and Forestier, 1995) or drugs (Hille, 1977a,b;
Schwarz et al., 1977; Uehara and Hume, 1985; Zam-
poni et al., 1993a,b).

In many cases, effects on gating are probably electro-
statically induced by titration of fixed charges on the

channel protein in the vicinity of the voltage sensor
(Frankenhaeuser and Hodgkin, 1957; Hille, 1968; Hille
et al., 1975). In some cases, such as the bacterial chan-
nel, KcsA, and certain plant channels, protons may play
a more direct role in triggering transitions between
open and closed conformations of the channel (Hegin-
botham et al., 1999; Hoth and Hedrich, 1999; Green,
2002).

Although it is now known that the selectivity filter of
potassium channels is lined by backbone carboxyl
groups (Doyle et al., 1998; Morals-Cabral et al., 2001;
Zhou et al., 2001), P-loop residue side chains appear to
play a much more direct role in specifying ion conduc-
tion and selectivity in voltage-gated Ca and Na channels
(Backx et al., 1992; Heinemann et al., 1992; Chen et al.,
1996; Sun et al., 1997). For this reason, the detailed ef-
fects of protonation might be expected to differ be-
tween K channels and Na and Ca channels. The pre-
dominant means of inhibition of T-type Ca channels
by protonation has been attributed to gating effects
(Delisle and Satin, 2000). An earlier, detailed analysis
of the effect of protonation on L-type single channel
conductance led to the conclusion that the protona-
tion site was separate from the pore but coupled to it
by a conformational change (Pietrobon et al., 1989;
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Prod’hom et al., 1989). A later study gave evidence
for pH-sensitive transitions between different conduc-
tance states resulting from titration of selectivity filter
residues (Chen et al., 1996).

In 1968, Hille argued that direct protonation of indi-
vidual Na channels was responsible for part of the pro-
ton-induced block of Na currents (Hille, 1968). Subse-
quently, a variety of studies have provided evidence for
both gating shifts (Hille et al., 1975; Zhang and Sie-
gelbaum, 1991) and direct pore block mechanisms
(Woodhull, 1973; Begenisich and Dankó, 1983; Dau-
mas and Andersen, 1993), or a combination of the two
(Benitah et al., 1997). Pore block is likely to depend in
part on protonation of selectivity filter residues (Sun et
al., 1997). A recent analysis, however, shows by mu-
tagenesis that “outer ring” carboxylates, 3–4 residues
C-terminal to the selectivity filter, contribute to a com-
plex protonation site (Khan et al., 2002).

In the present work, we make use of pore-blocking

 

�

 

-conotoxins (Cruz et al., 1985, 1989; Moczydlowski et
al., 1986; Lancelin et al., 1991; Sato et al., 1991; Becker
et al., 1992) to reversibly introduce a titratable residue
into the vestibule of the toxin–channel complex. Deriv-
atives (R13X) of 

 

�

 

-conotoxin GIIIA (

 

�

 

CTX),* in which
Arg-13 is substituted by a residue with a side chain that
is titrated in a pH range close to physiological pH, pro-
vide unique opportunities for observation of effects of
protonation in a defined conformational/functional
state. We studied the action of R13H and R13E deriva-
tives, using R13A as a control possessing a nontitratable
side chain in this position (Fig. 1). Bound times for
these peptide toxins are typically 

 

�

 

1s, which, together
with the unique conductance of the bound (partially
blocked) state for a given toxin, makes “blocked” and
unblocked events easily distinguishable from the chan-
nel closed and open times that are limited by channel
gating conformational transitions. On yet another time
scale, protonation of the channel blocks ion conduc-
tion through the pore with rapid kinetics beyond the
resolution of our recording system, and is thus seen as
a pH-dependent decrease in the amplitude of single-
channel current, as in the work of Daumas and An-
dersen (1993). Thus, although we do not resolve the
kinetics of proton block, per se, we were able to contin-
uously monitor the probability of proton block of
toxin-bound and -unbound channels. Toxin-binding ki-
netics depend strongly on pH when a titratable residue
is present in position 13. By analyzing the pH depen-
dence, and determining the effective pKs for block of
the single channel current, and for toxin binding, we
show that the pK of the critical toxin residue 13 is sub-
stantially higher than that measured in free solution.

We suggest that this shift reflects the ability of the chan-
nel vestibule, even in the presence of the bound, cat-
ionic toxin, to strongly concentrate protons. We in-
terpret this shift of pKs as a reflection of a substantial
electrostatic potential difference between the channel
vestibule and the free bathing solution.

 

M A T E R I A L S  A N D  M E T H O D S

 

Peptide Synthesis

 

Peptide synthesis has been described previously (Hui et al.,
2002). Briefly, linear peptides were produced by solid phase syn-
thesis using 9-fluorenylmethoxycarbonyl (Fmoc) chemistry. Cou-
pling of Fmoc amino acids was performed using the HBTU/
HOBT/DIPEA method on an Applied Biosystems 431A synthe-
sizer. The raw peptides were air oxidized and purified as de-
scribed previously (Chang et al., 1998). During oxidation, cycliza-
tion was monitored by analytical HPLC and usually complete af-
ter 2–3 d at 4

 

�

 

C. After folding of the peptide by air oxidation,
toxin derivatives were purified to near homogeneity by HPLC
(

 

�

 

95%, based on analytical HPLC). Active toxin derivatives were
isolated as a single major peak. The identity of purified peptides
was confirmed by quantitative amino acid analysis and, in some
cases, by electrospray mass spectroscopy molecular weight deter-
mination. The proper folding of the toxins was confirmed by 1D
and, in some cases, 2D NMR (see 

 

results

 

).

 

1D and 2D NMR

 

NMR spectra were recorded at 25

 

�

 

C on a Bruker Avance
DMX500 spectrometer operating at a proton frequency of 500.13
MHz and a carbon-13 frequency of 125.76 MHz. All spectra were
obtained in aqueous (H

 

2

 

O or D

 

2

 

O) solution (450 

 

�

 

L) contained
in 5-mm tubes with DSS added as a chemical shift reference. 1D
NMR spectra of peptides in H

 

2

 

O solution (5% D

 

2

 

O added to pro-
vide a lock signal) were recorded using excitation sculpting with
pulsed magnetic field gradients (Hwang and Shaka, 1995). The
spectra were recorded using the following parameters: 8,000 data
points, 128 scans, 6,009-Hz sweepwidth with a 2.68-s recycle time.
Spectra were zero killed to 16 K and apodizied using an expo-
nential line-broadening of 0.3 Hz. Proton-detected 2D HMQC

 

*

 

Abbreviations used in this paper:

 

 BTX, batrachotoxin; 

 

�

 

CTX, 

 

�

 

-cono-
toxin GIIIA.

Figure 1. Peptide probes based on �CTX GIIIA �CTX GIIIA is
a highly basic peptide toxin found in the venom of the fish hunt-
ing cone snail, Conus geographus. The toxin is held rigidly together
by three disulfide bonds and is a potent and specific blocker of
skeletal muscle sodium channels. With seven basic and two acidic
residues, and an amidated C terminus, this 22-residue toxin has a
nominal net charge of �6 at neutral pH. The figure shows its pri-
mary sequence, highlighting the charges and disulfide bonds, with
basic residues in blue and acidic in red. The N-terminal amine and
C-terminal amide groups are shown in italics. In this study, we ex-
amined derivatives with three different substitutions for R13: E, A,
and H, as indicated on the figure.
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spectra were acquired using the following parameters: for the F2
dimension (proton), 2 k data points, 32 scans per increment,
sweepwidth 5,482 Hz, recycle time 1.79 s; for the F1 dimension
(carbon-13), 320 data points, sweepwidth 25,000 Kz, phase-sensi-
tive spectra (TPPI mode) with GARP decoupling of 13 C during
acquisition. Spectra were zero filled to 1 k in the F1 dimension,
apodizied with a sine squared window function shifted 72

 

�

 

 (F2)
and 60

 

�

 

 (F1) before transformation.
The high concentrations of toxin required for our experi-

ments (in the 

 

�

 

M range) raise the possibility of a nonspecific ef-
fect. To ensure that the block was not due to aberrant changes
toxin structure, 1D proton NMR was used to check that the
folded structures did not deviate qualitatively from that of the
wild-type toxin. The proton chemical shifts for the R13X deriva-
tives are generally similar to that of the wild-type toxin, with the
exception of the shifts of D12 and Q14, for which some change
would be expected in response to substitution at the adjacent po-
sition-13. Qualitative NOE data indicates that the basic secondary
structure remained the same in all cases tested. Others (Sato et
al., 1991; Wakamatsu et al., 1992) have also reported that the
R13A and R13K derivatives fold normally.

 

Vesicle Preparation and Incorporation of Channels
into Bilayers

 

Rat sarcolemmal vesicles were isolated as described in Guo et al.
(1987), with some modifications. Muscle tissue was obtained
from the fore and hind limbs of adult rats and homogenized in
t-tubule buffer (0.1 g/ml sucrose, 2 mg/ml sodium azide, 10 mM
MOPS, pH 7.4). Cellular debris and contractile protein were re-
moved by filtering through a gauze pad, low-speed centrifugation
and 0.6-M KCl treatment. The membrane-containing fraction
was isolated by ultracentrifugation in a 25%/35% (wt/vol) su-
crose gradient. The pellet was homogenized in a small volume
(

 

�

 

5 mL) of 0.3 M sucrose, 20 mM HEPES solution. The protein
concentration (1–3 mg/ml) was determined by the Lawry
method using known concentrations of bovine serum albumin
for control (absorbance at 595 nm). The preparation was divided
into 50 

 

�

 

l aliquots and stored at 

 

�

 

80

 

�

 

C. Prior to usage, an ali-
quot was pretreated with 50 

 

�

 

M batrachotoxin to activate volt-
age-dependent sodium channels and stored at 

 

�

 

20

 

�

 

C (Kho-
dorov, 1985). Generally, the preparation was used 2–30 d after
pretreatment.

Channels were incorporated into neutral lipid bilayers (48

 

�

 

g/

 

�

 

l 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine and
12 

 

�

 

g/

 

�

 

l 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine dis-
solved in decane) painted onto the aperture, at different initial
pH recording conditions. After incorporation, control records
were acquired to confirm channel identity and orientation using
the single channel conductance, voltage dependence of gating,
and sometimes extracellular block by tetrodotoxin. Only single
channel incorporations were used in this study. For further de-
tails, see the recent paper by Hui et al. (2002).

 

Bilayer Setup

 

Experiments were conducted with a bilayer apparatus (Miller,
1986) with an aperture of 90–200-

 

�

 

m diameter separating the
two sides. Connection to the patch amplifier was established by
3-M KCl salt bridges filled with a 3% (wt/vol) solution of agar
linking the recording chambers to a 3-M KCl sink, in which Ag-
AgCl electrodes were submerged. The Ag/AgCl electrodes were
connected to an Axopatch-1B amplifier (Bessel filtered at 5kHz,

 

�

 

80 dB), whose output was connected to a Neuro-corder digitizer
DR-384. The output from the Neuro-corder was filtered through
an 8-pole low-pass Bessel filter (200 Hz, 

 

�

 

3 dB), and connected
to a Pentium computer (through an Axolab-1 interface, sampled

at 1 kHz), a VCR, a Nicolet 2090 digital oscilloscope, and a chart
recorder. Data was recorded on the VCR and played back for ac-
quisition to the computer using Fetchex (pClamp 5.5).

 

Electrophysiology

 

A solution involving three buffers was used to allow for dynamic
changing of the pH. Propionic acid (pK 

 

� 

 

4.9; Merck Index Vol-
ume 10, pp. 1127) was used as the acidic buffer, MOPS (pK 

 

�

 

7.2) as the neutral buffer, and CHES (pK 

 

� 

 

9.3) as the basic
buffer. A 200-mM NaCl solution was made using all three of these
buffers, at 5-mM concentrations, with 0.1 mM Na

 

2

 

EDTA. The pH
of the recording solution was varied by addition of an appropri-
ate volume of a solution of 200 mM NaOH or HCl dissolved in
the same triple buffer as the recording solution. In the case of
the HCl solution, at most, 40 

 

�

 

l was used in an experiment result-
ing in a final [Na] 

 

�

 

 195 mM.
Toxin was added to the extracellular side of the channel. Four

or more voltages were recorded to determine the single channel
current-voltage relationship. Longer records were taken to deter-
mine the blocking kinetics. Test voltages generally ranged over

 

	

 

80 mV; however, more extreme voltages (

 

	

 

105 mV) were some-
times recorded.

 

Analysis

 

Current amplitudes and binding kinetics were analyzed in
Fetchan and pStat (pClamp 6.0.5). Amplitudes were estimated
directly from the current levels within the traces. In most cases
this was similar to Gaussian fits of the all-points amplitude histo-
grams; however, we considered it more accurate at and below V

 

1/2

 

,
when the peaks in histograms became smeared with each other
(unpublished data).

Toxin binding events were detected by the half-threshold
method in Fetchan (for reviews see Wonderlin et al., 1990;
Colquhoun and Sigworth, 1995), setting the levels to the open
and blocked states. All events to the open level were included in
the detection; however, only events 

 

�

 

400 ms to the blocked level
were included to prevent detection of intrinsic gating closures
(Moczydlowski et al., 1984a). With the combined 5-kHz filter
from the amplifier, 200 Hz from the 8-pole Bessel filter, and an
additional 50-Hz digital Gaussian filter in Fetchan, the dead time
for the open events was 

 

�

 

4 ms. The dead time for the block
events was the imposed 400 ms. With an average closed time for
batrachotoxin

 

 (

 

BTX)-activated channels of 22 ms at 

 

�

 

110 mV
(French et al., 1986), well below 100 ms, this gives a detection of
true closures (false positive) at e

 

�

 

400 ms/100 ms

 

 

 

�

 

 2%. The detection
rate of true blocked events, however, varied depending on the
block duration. On average, the blocked times were 1 s or longer,
giving a detection rate of e

 

�

 

400 ms/1,000 ms

 

 

 

�

 

 67%. So, at worst, one
event was missed for every event detected, which would double
the estimated open time. To correct for this, the open times were
divided by the estimated fraction of detected blocked events (Mc-
Manus et al., 1987).

Dwell-times were lumped across experiments with same toxin
concentration and voltage. The applied voltage was corrected for
using the reversal potential offset determined from unblocked
channel i-E plots (usually 

 

� 

 

10 mV) and rounded to the nearest
10 mV. Since the kinetics of block were only weakly voltage de-
pendent (Fig. 4), the use of a 10-mV bin width does not affect the
results significantly. Only histograms with 

 

�

 

20 events were used
in the determination of the time constants. These time constants
were corrected for missed blocked events, as described above, be-
fore determining the rate constants. The rate constants were
taken as:

 

(1)koff 1 τblocked⁄( )=
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(2)

 

where 

 




 

blocked

 

 is the time constant for the blocked events, 

 




 

unblocked

 

is the time constant for the unblocked (“open”) events, and [Tx]
is the applied toxin concentration. The dissociation constant, K

 

d

 

,
was independently determined from the block probability:

 

(3)

 

where T

 

unblocked

 

 and T

 

blocked

 

 are the total times spent in the un-
blocked and blocked state, respectively, and P

 

b

 

 is the fraction of
time the channel is in the blocked state. Because this method

kon 1 τunblocked Tx[ ]×( )⁄ ,=

Kd Tx[ ] 1 Pb–( )× Pb⁄ Tx[ ] Tblocked× Tunblocked⁄ ,= =

 

does not rely on the presence of a large number of events,
K

 

d

 

s were determined when there were 

 

�

 

20 (unblocked and
blocked) events. The K

 

d

 

 estimated from the ratio k

 

off

 

/k

 

on 

 

was
generally similar. The voltage dependence of the kinetic parame-
ters was fit to:

 

(4)

 

where k is the parameter, k(0 mV) is the parameter at 0 mV, R is
the gas constant, F is Faraday’s constant, T is the temperature
(22

 

�

 

C), E is the applied voltage, and z

 

�

 

 is the apparent valence (a
product of the amount of charge, z, and the fractional electrical

k k 0mV( )e zδFE RT⁄– ,=

Figure 2. Block of single-channel current by �CTX derivatives
with titratable or nontitratable residues at position 13. (A) Current
traces for R13E, R13A, R13H, and the unblocked (Control) chan-
nel at pH 6–8. R13E pH 7.0 and 8 traces are from a single experi-
ment; R13A pH 6.0 and 7 traces are from a single experiment; and
R13H traces for all pHs from a single experiment. The control
traces represent three different experiments. Concentrations of
R13E were 50 �M at pH 6.0 and 100 �M at pH 7.0 and pH 8, with
unblocked conductances of 16, 20, and 21 pS, respectively. For
R13A, concentration was 21 �M at all pHs (13, 17, and 18 pS for
pH 6, 7, and 8, respectively). For R13H, they were 11 �M at all pHs
(14, 17, and 18 pS for pH 6, 7, and 8, respectively). Traces shown
here were sampled at 1 kHz and digitally filtered (low pass) at 10
Hz. (B) Conductances as a function of pH. Conductance of the
unblocked channel, and the residual conductances of the channel
bound by either R13E, R13A, or R13H. Conductances were deter-
mined from linear fits of current-voltage plots from 3–30 experi-
ments for the unblocked channel, 1–9 for R13E, 1–6 for R13A,
and 1–15 for R13H. The unblocked conductance was fit with a sin-
gle-site titration curve with pK � 5.29 	 0.03.
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distance, �, through which it moves) (Woodhull, 1973). Values
are reported as mean 	 SEM.

R E S U L T S

It is immediately apparent from the single-channel re-
cordings that both the kinetics of �CTX block and the
amplitude of single channel currents are strongly de-
pendent on pH (Fig. 2). Toxin binding is visibly fa-

vored by acidification, with pH dependence being
more dramatic for R13E and R13H than for R13A (Fig.
2 A). This immediately suggests the importance of the
residue 13 charge, as titration of channel residues
would tend to make the net vestibule charge more pos-
itive and therefore generally less favorable for binding
of the cationic toxin. Single channel conductance de-
creases with acidification regardless of whether or not

Figure 3. pH titration of the single channel current and residual
current in the presence of bound toxin. (A) The residual current
displays a weak, yet significant voltage-dependence, as shown by a
plot of the fraction residual current. Within the voltage range, the
data are fairly linear and do not appear to be dramatically influ-
enced by the toxin used. Increasing pH increases residual currents

with both R13E and R13H, but has no significant effect for R13A. Fres(0 mV) was defined as the fraction residual current at 0 mV deter-
mined from the linear fits. This parameter was used to compare the block for different toxin-pH combinations. (B) Fres(0 mV) follow sim-
ple titration curves only for R13E and R13H. In contrast, the residual current for R13A is nearly constant down to pH 6, below which it may
decrease slightly (an arbitrary smooth curve is drawn through the R13A data points). For comparison, Fres(0 mV) for R13N, R13W, and
R13O at pH 7.0 are shown (from Hui et al., 2002). Data for each point were lumped from 1 to 15 experiments for each toxin. (C) The rec-
tification of the control and residual single channel currents is weakly dependent on pH. The ratio of the residual conductances at nega-
tive and positive voltages clearly shows the outward rectification property of the toxin-bound channels. (Any value of the conductance ratio
�1 reflects a nonlinear single-channel i-E relation; values �1 reflect accentuated proton block at negative voltages.) This behavior is also
exhibited by the unblocked channel for pH � 6, as reported previously by Daumas and Andersen (1993). The rectification is strongest at
low pH, and diminishes as pH increases.
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the channel is bound—and partially blocked—by toxin
(Fig. 2 B). The apparent pK for titration of the single
channel conductance (5.29 	 0.03) is close to the value
of 5.5 determined for proton block of 22Na influx
through BTX-modified channels in two different cell
lines (Huang et al., 1979). Daumas and Andersen
(1993) reported a single-site apparent pK of �4.9 in
symmetric 1 M NaCl, in a bilayer study of BTX-activated
rat brain Na channels. Recent estimates for cloned skel-
etal muscle channels (Nav1.4) expressed in amphibian
oocytes or mammalian cells, made in the absence of
BTX, tend to cluster in the range of 5.9–6.1 (Benitah et
al., 1997; Sun et al., 1997; Khan et al., 2002). We specu-
late that small shifts in pK may arise both from BTX
modification and from changes in ionic strength (see
also the section below on NMR measurements of side
chain pKs in conotoxin derivatives).

Titration of Residue 13 Modulates the Fractional Block of 
Single Channel Current

We showed previously that R13X derivatives of �CTX
induce discreet, partial block of the unitary current
through sodium channels (Becker et al., 1992) and
that the fractional block of current is linearly depen-
dent on the charge on residue 13 (Hui et al., 2002). Su-
perposed on the effect of residue 13 charge, a steric
contribution was identified. We examined here the re-
sidual current for derivatives with titratable substitu-
tions, glutamate and histidine, using alanine as a con-
trol with a nontitratable side chain. This allowed us to
reexamine the effect of changing the charge with mini-
mal size change. Consistent with our previous study, at
pH 7, R13H (basic) blocked most effectively, followed
by R13A (neutral) and then R13E (acidic; Fig. 2 A). To
focus on the effect of titration of the toxin, we exam-
ined the dependence of Fres(0), the fractional residual
current when the toxin is bound to the channel, on pH
(Fig. 3, A and B). Fres(0) changes after a single site titra-
tion curve for R13E and R13H, with little change as pH
varies for R13A. These R13A data suggest that, in the
range examined, there is no substantial titration of any
residue important to determining Fres(0) other than
toxin residue 13. Thus, we interpret the data in Fig. 3 B
as a direct reflection of the effect of titrating residue 13
on the fractional residual current. Apparent pKs for ti-
tration of R13E (7.0 	 0.1) and R13H (7.8 	 0.3) are
shifted 2–3 pH units positive from “typical” values

shown by these side chains in proteins (Table I), sug-
gesting a higher proton activity in the vestibule than in
free solution.

A practical limitation in these experiments arises
from the proton-induced block and gating shifts. The
voltage dependence of gating, as estimated from V1/2, is
also shifted to as high as approximately �40 mV at pH
5. These two effects reduced our ability to resolve the
amplitude of single channel fluctuations, especially at
negative potentials, with the small residual currents for
the toxin derivatives R13H and R13A, so in these cases
residual current data were used only down to pH 6.
However, discrete binding events for these two toxins
were identifiable by eye and were examined down to
pH 5.5.

Proton Access to the Pore Is Only Weakly Impeded by
Bound Toxin

With R13A or other derivatives bound, reduction in re-
sidual current after acidification was apparent, indicat-
ing that protons continue to have ready access to the
vestibule (Fig. 2 B). However, reduction of the R13A re-
sidual conductance went roughly in parallel with pro-
ton block of unbound channels, resulting in the ob-
served minimal dependence on pH of Fres(0) for R13A
(Fig. 3 B). Moreover, the residual current for R13E and
R13H was noticeably smaller at low compared with
high pH, indicating that at least residue 13 was being ti-
trated. Since low pH is expected to favor the proto-
nated form of the substituted residue, these results pro-
vide rigorous confirmation of the residue 13 charge de-
pendence of current block by �CTX.

The presence of these highly charged, partially block-
ing toxins in the vestibule was shown previously to in-
duce weak rectification of residual current (see also
Fig. 3 A), presumably resulting from an asymmetric
electrostatic barrier to sodium permeation (Hui et al.,
2002). To determine if proton accessibility was likewise
impeded, we examined whether rectification of the re-
sidual current was pH dependent.

Fig. 3 A shows that the residual current is generally
slightly larger at 40 mV than at �40 mV. This trend is
slightly pH dependent, with higher pH reducing the
difference. Fig. 3 C presents the rectification explicitly
as the ratio of conductance determined at negative and
at positive voltages, thus showing that there is a compo-
nent of rectification associated with acidification in

T A B L E  I

Summary of Titrations—Apparent pKs of Toxin Residues and of Block

Residue substituted for R13 Nominala NMR (free toxin in solution) Fres (bound toxin) Kinetics (Kd, kon)

Glu 4.3–4.5 3.85 	 0.04 7.0 	 0.1 probably �6–7

His 6.0–7.0 5.65 	 0.02 7.8 	 0.3 6.4 	 0.1, 6.4 	 0.1b

aFrom Table 1.2 of Creighton (1993). Ranges taken from various model compounds. Sidechain pKs for free amino acids are 4.1 (Glu) and 6.0 for His.
bApproximate pKs from Kd and kon, respectively, from the limited dataset (Fig. 6).
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both toxin-bound and -unbound channels. The fact
that the rectification ratio is decreased over the whole
pH range confirms that the toxin binding, per se, in-
duces some rectification. The differing ranges over
which rectification changes with pH for the different
derivatives reaffirms that the effective pK for the titra-
tion of the conductance depends on the identity of the
residue that has been introduced into the vestibule by
toxin binding, with histidine facilitating proton block
over alanine and glutamate. Clearly, however, protons
have free access to the vestibule regardless of the chem-
ical identity of residue 13, despite the fact that the dif-
ferent substituents, glutamate, alanine, and histidine
differ substantially in their efficacy at blocking Na cur-

rent through the channel. This allows us to use these ti-
tratable substituents as direct measures of the effective
local pH, and by inference, local electrostatic potential.

The fact that the presence of bound toxin does not
preclude or severely inhibit free access of protons to
the pore may seem counterintuitive, but it is not sur-
prising in the light of the substantial residual current
carried by Na� in the presence of the toxin derivatives.
It could reflect in part the finite range of electrostatic
effects of the toxin charges—an intravestibular space
constant for electrostatic effects was previously esti-
mated at �8 Å (Hui et al., 2002). This is consistent with
the small effects of other toxin charges on the residue
13 titration detected in the NMR measurements (see

Figure 4. Voltage and pH depen-
dence of toxin binding. �CTX deriva-
tives show weakly voltage-dependent
block, consistent with their binding at a
relatively superficial site in the vesti-
bule. Although there is some depen-
dence on the identity of the residue 13
substitution, the effective valence (z�) is
not significantly altered by pH. Each
data point reflects the exponential fit of
a dwell-time histogram with �20 events
(average � 83). The lines represent lin-
ear fits on the semilog plots, from
which the values at 0 mV are used for
comparison of the different toxin-pH
combinations. The koff fit for R13E at
pH 5.0 appears to have a negative volt-
age dependence, which is probably arti-
factual, because the single point at �40
mV was estimated from a total of only
n � 21 events and other points are too
tightly clustered on the abscissa to
strongly influence the slope. The disso-
ciation constant, Kd, and the rate con-
stants (koff and kon) are shown for R13E,
R13A, and R13H. The key observation
is that the Kds and kons for R13E and
R13H consistently show a monotonic
dependence on pH (see data in the
four corner panels of the figure).
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below), and also with the possibility that there may be
alternate pathways for protons to enter the channel
(see final section of discussion). An alternative sce-
nario has been proposed to account for the indepen-
dent titration of two neighboring acidic sites in the
pore of a cyclic nucleotide–gated channel (Root and
MacKinnon, 1994) in which charged sites are associ-
ated with counter ions most of the time, and thus do
not interact electrostatically.

pH Dependence of Toxin Binding Affinity

High affinity pore block of cation channels generally
appears to depend on positive charges on the blocker.
In the case of charybdotoxin and related toxins block-
ing potassium channels, the on rate is reduced by neu-
tralizations of certain residues (Stocker and Miller,
1994). Moreover, a protruding lysine residue is known
to compete with potassium binding at an external site
in the permeation pathway. Neutralization of this resi-
due severely disrupts binding. This lysine is analogous
to arginine-13 in �CTX. From the single-channel traces
we see that the kinetics of toxin binding is clearly de-
pendent on residue 13 charge (Fig. 2). The weakest
block was observed for R13E, with Kd in the order of
tens of �M at pH 7. R13H was �10-fold more potent,
with R13A in between the two. So, although arginine-13
is important for �CTX binding, its neutral substitution

does not completely disrupt the interaction (Sato et al.,
1991; Becker et al., 1992; French and Dudley, 1999).

In this study, we directly examined the importance of
residue 13 charge by titration of R13E and R13H. Low-
ering the pH strongly enhances binding by the R13E
and R13H, but only relatively weakly affects the binding
of R13A, consistent with the major contribution of resi-
due 13 to high affinity binding (Figs. 2, 4, and 5). The
voltage-dependence of the equilibrium dissociation
constant was not systematically pH dependent (Fig. 4)
and is similar to that reported for wild-type toxin (un-
published data; Cruz et al., 1985; Becker et al., 1992),
further indicating that the mutations did not cause dra-
matic changes in toxin-channel structure.

We plot the parameters determined at E � 0 mV—
the preexponential component of Eq. 4—against pH to
ascertain how the titration of the toxins affects affinity
and the kinetics of binding (Fig. 5 A). In the case of
R13E and R13H, a 2 U increase in pH results in a 10-
fold increase in Kd. This is not surprising, since the
high pH lowers residue 13 charge, which has a direct
impact on affinity. The Kd values increase exponentially
with pH and do not saturate within the range exam-
ined. Interestingly, the change in affinity can be ex-
plained almost completely by the variation of the asso-
ciation rate, which also shows a simple exponential de-
pendence on pH. The dominant role of the association

Figure 5. The pH dependence of the association rate constant determines the pH dependence of toxin binding. (A) The Kd of block is
pH dependent, and is more strongly so for the titratable toxins, R13E and R13H. This is consistent with an electrostatic component in
toxin block contributed by residue 13. With a nontitratable A13 side chain, R13A shows little or no pH dependence. The effect of pH on
Kd resides in the on rate and not off rate, with a clear correlation between higher pHs and slower binding rates. It is noteworthy that kon for
R13A appears to show a similar, but distinctly weaker, trend, probably arising from the combined titration of pore carboxylate residues and
D2 and D12 on the toxin. In contrast, koff does not display a clear dependence on pH. (B) The combined data for all three derivatives
shows a high correlation between log kon and �log Kd in a Brønsted plot (slope 1.0 	 0.1).
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rate constant in determining the pH dependence is
emphasized in Fig. 5 B, where the combined data for
all three derivatives are superposed in a Brønsted plot.
The correlation between binding and pH suggests that
the association rate is dominated by simple electrostatic
forces. In contrast, when all the derivatives were consid-
ered collectively, there was no obvious trend shown by
the dissociation rate constant, which is consistent with
the idea that short range forces determine dwell times
for the toxin bound to the channel.

Somewhat unexpectedly, R13A kinetics showed a sim-
ilar pH dependence (see Fig. 5 B), albeit much weaker
than for the other two toxin derivatives. Although the
equilibrium dissociation constant did not significantly
change, the on and off rates both appear to decrease
with pH. These changes reflect the net result of titra-
tion of any pH-sensitive groups on either channel or
toxin, other than the residue 13 side chain. The equi-
librium dissociation constant for R13A shows no con-
vincing trend with pH changes, but this, in fact, reflects
approximately parallel decreases in kon and koff with in-
creasing pH. Simplistically, this would be consistent
with kon being dominated by protonation of toxin resi-
dues (favoring association), and koff being dominated
by protonation of the channel (favoring dissociation).
This might arise if the two rate constants were limited
at different points along the reaction coordinate, con-
sistent with, but not demanding, the notion that the as-
sociation rate constant is controlled primarily by long-

range interactions, whereas the dissociation rate con-
stant is limited by short range interactions.

To resolve the complication that multiple charges in-
fluence binding kinetics, we normalized the kinetic pa-
rameters from R13E and R13H with respect to R13A.
Assuming that the effects of residue 13 are indepen-
dent of those responsible for changes in R13A binding,
this normalization isolates the effects of residue 13. In
support of that assumption, the normalization results
in an R13H dose–response curve that appears to satu-
rate in a manner consistent with a single site titration,
contrasting nonnormalized results (compare Figs. 5
and 6). Moreover, the approximate pK for R13H bind-
ing (pK � 6.4 	 0.1) is between free solution values de-
termined by NMR and that for titration of the bound
state represented by Fres(0) (see following section and
Table I). This supports the hypothesis that the R13H
starts in bulk solution with an apparent pK of �6 for
His-13 and moves progressively into a proton-enriched
environment as it approaches its receptor, where, in
the bound state, the apparent pK is �8.

�CTX Residue 13 as a pH Sensor—Calibration by NMR 
Determinations of pK for E13 and H13

Although the nominal pK for histidine and glutamate
range from �6–7 and 4.3–4.5, respectively (Creighton,
1993), within the toxin derivatives they are likely differ-
ent because of the abundance of basic side chains on
the toxin. The pKs for the histidine and the glutamate

Figure 6. Effect of residue
13 titration on binding kinet-
ics. The isolated effects of res-
idue 13 in R13E and R13H
are estimated by normalizing
parameters against the corre-
sponding values for the “non-
titratable” R13A derivative.
Although this reduced the
range over which we could
determine reliable estimates,
the normalized Kd and kon for
R13H both appear to follow
titration curves with pKs of
6.4 	 0.1. Residue 13 in R13E
also appears to be titrated,
but does not saturate within
the range of the data. Lack-
ing an obvious tendency to-
ward plateau values, we did
not attempt to fit the R13E
data (dotted lines simply con-
nect the data points).
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in the R13H and R13E mutants, respectively, were de-
termined by recording 1D proton NMR spectra in D2O
solution at various pH values. The pH was measured us-
ing a Corning pH meter, model 140, equipped with an
Orion mini pH electrode that could be inserted di-
rectly into the NMR sample tube. The pH of the sam-
ples was adjusted by microliter additions of 0.1 M solu-
tions of DCl or KOD (D � 2H). After measurement of
the pH, spectra were recorded with presaturation of
the residual water. The chemical shifts, referenced to
DSS (0 ppm), were measured for the His 2H and 4H
protons for the R13H mutant and for the glutamate
gamma protons for the R13E mutant. In the latter case,
overlap with other signals was observed at some pH val-
ues but it was still possible to measure the chemical
shift with reasonable precision. In the case of the R13E
mutant, the carbon-13 shift of the glutamate gamma
carbon was also determined from proton-detected 2D
HMQC spectra (Fig. 7 A). Carbon chemical shifts were
referenced to DSS (�1.6 ppm). The pK was deter-
mined in each case by a single site dose response curve

fit of the observed chemical shifts as a function of pH
(Fig. 7 B). The pKs of both residues determined in this
manner were 3.85 	 0.04 for E13 and 5.65 	 0.02 for
H13, at least two units lower than estimates from the re-
sidual current (6.98 and 7.85, respectively). Moreover,
the apparent titration range of these two residues
flanks that for titration of the channel conductance
(pK � �5.29 	 0.03; Fig. 2 B).

When the pKs were remeasured in the presence of
200 mM NaCl, they were each shifted by about 0.35 pH
units. This indicates that there is relatively little influ-
ence on the residue 13 pK from the other charges on
the toxin, but that protonation is favored slightly by
screening the additional positive side chains of the
toxin at higher salt. The single channel conductance ti-
tration curve (Fig. 2 A) may reflect an analogous small
shift toward lower pH compared with values that would
have been obtained in the lower ionic strength solu-
tions used in oocyte and mammalian cell studies.
However, these shifts are small compared with the dif-
ferences between the NMR-determined pKs and the

Figure 7. pKs of residue 13
for �CTX derivatives mea-
sured in free solution. (A)
Two-dimensional NMR of the
titration of R13E. The arrow
shows the carbon-13 shift of
the E13 gamma carbon,
which was followed during
the course of the titration be-
tween pH 2.1 to 6.6. B. The ti-
tration of residue 13 is shown
here for R13E and R13H, de-
termined from their NMR
spectra, indicating nominal
(solution) pKs of 3.85 	 0.04
and 5.65 	 0.02, respectively.
For comparison, the titration
curve of the unblocked chan-
nel is found between them
with a pK of 5.29 	 0.03 (see
Fig. 2 B).
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values determined from the single channel measure-
ments. Thus, it appears that the pKs for titration of Fres

(Fig. 3 B) and the normalized binding kinetics (Fig. 6)
are largely determined by local conditions in the vesti-
bule of the channel.

D I S C U S S I O N

Overview

The major experimental findings of this study are that:
(a) Increasing the charge on �CTX residue 13 by pro-
tonation increases the toxin’s fractional block of the
single Na channel current. (b) Proton block of unitary
current occurs readily, though with measurably differ-
ent characteristics, in both toxin-bound and unbound
channels. (c) Protonation of residue 13 increases bind-
ing affinity by increasing the association rate constant.
(d) Effective pKs for titration of kinetic parameters
(equilibrium Kd and association rate constant, kon) and
the residual current shifted positively from the pK for
titration of residue 13 in free solution. We believe that
the simplest interpretation of these results is that pro-
tons are electrostatically concentrated in the vestibule,
even in the presence of the bound toxin, and that a ti-
tratable residue at position 13 of the toxin provides a
molecular-scale sensor of local pH in the vestibule.

Separating the Contributions of Charge and Size to
Single-channel Block

Previously, we reported that the residual current in
�CTX-bound sodium channels was directly affected by
the charge of toxin residue 13 (Hui et al., 2002). In
that study, different amino acid substitutions were
made of toxin residue 13, so we could not definitively
isolate the electrostatic and steric contributions to cur-
rent block. Moreover, we also found a significant, sec-
ondary effect of residue 13 size on the residual current.
Consistent with our previous study, the residual current
of �CTX blocked channels is dependent on the charge
of toxin residue 13 for the titratable derivatives. In ad-
dition, the pH dependence of the residual current (for
R13E and R13H) is consistent with the titration of a sin-
gle site, likely residue 13.

In the previous study, Fres(0) for the residue 13 �CTX
derivatives was shown to depend most dramatically on
the charge of residue 13 (0.199 	 0.002 per unitary
charge), and secondarily on side chain size (length de-
pendence, 0.060 	 0.007 per Å, in a range of �4–8 Å).
Since protonated and unprotonated forms of titratable
residues, glutamate and histidine, differ by a single pro-
ton (�1.1 Å) that is delocalized over the functional
group, the size contribution to any changes in current
block would be �0.06 � 1.1 � 0.066. Hence, any
change in fractional block 0.066 is probably due to a
charge change of residue 13. With R13E, pH titration

of the residual current resulted in a 0.17 change in Fres,
indicating a charge change in residue 13. Moreover, in
its “protonated” form, R13E resembles R13N in its de-
gree of current block. With R13H, however, pH titra-
tion of the residual current results in a 0.07 change in
Fres. Although this might plausibly be explained solely
by steric effects, there are three reasons to suggest oth-
erwise. First, the pH dependence conforms to a single
site titration, consistent with the involvement of only a
single residue. Second, the pH range tested covers that
of the pK of histidine reported in free solution and
other proteins. Third, the titration profile saturates at
both ends within the test range, which (in conjunction
with the second point) suggests that a histidine was ti-
trated during the experiments.

Thus, we conclude that the change in current block
by R13E and R13H resides mostly in electrostatic con-
tributions from residue 13. The pKs of these residues
estimated from the titration of Fres are 7.0 	 0.1 and
7.8 	 0.3, respectively. These values exceed the NMR
determinations of pK for these residues by 3.15 and
2.15 pH units, respectively. Apparently, the effective
pKs of residue 13 in R13E and R13H are different when
the toxin is bound to the channel from their values in
free solution. A simple rationale for this observation is
that the local pH within the toxin-bound pore is differ-
ent from that in free solution.

Electrostatic Concentration of Protons in the Channel Vestibule

It is not surprising that the pH in a cation-selective
channel vestibule might be lower than in the bathing
solution. Although the lipid used in our system may be
“neutral,” the high degree of glycosylation, and the
presence of pore-lining side-chain carboxylates in the
channel, contribute to a negative surface potential that
would locally concentrate cations. The presence of a
bound, positively charged �CTX molecule in the pore
would be expected to moderate this local concentra-
tion of cations, contributing to a reduction in the uni-
tary current. With our �CTX residue 13 derivatives, we
attempted to measure the local electrostatic effect by
estimating the local proton concentration in the toxin-
bound vestibule of the channel, based on the titration
of the fractional residual current. To simplify the com-
parison of different toxin variants, we used the frac-
tional residual current, interpolated to 0 mV (Hui et
al., 2002) as a standard measure of the single channel
current in the toxin-bound state.

Fres(0 mV) appears to follow a single site titration for
R13E and R13H, while there was no significant pH de-
pendence for R13A (P � 0.27; Fig. 3 B). For R13E,
Fres(0 mV) titrated with pK � 6.98 	 0.09, showing up-
per and lower bounds of 0.390 	 0.006 and 0.555 	
0.008, respectively. This indicates that the protonated
form of R13E functionally resembles R13N at neutral
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pH, with an Fres(0 mV) � 0.38, which is consistent with
the van der Waal’s volumes for the glutamate (109 Å3)
and asparagine (96 Å3). For R13H, titration proceeded
with a pK � 7.85 	 0.36, bounded at 0.141 	 0.006 and
0.22 	 0.02 on the lower and upper ends, respectively.
In this case, the protonated form of R13H yields a re-
sidual current similar to R13O (Fres(0 mV) � 0.13), also
consistent with the similar van der Waal’s volumes for
histidine (118 Å3) and ornithine (117 Å3). The neutral
form, however, appears to resemble R13W (Fres(0 mV) �
0.19; 163Å3), perhaps indicating some special role of
the ring structures in steric block.

Since protons continue to have access to the pore of
the toxin–channel complex, and since the fractional re-
sidual current for R13A was not significantly changed
by pH, Fig. 3 B allows an estimate of the effective pK of
residue 13 for R13E and R13H. These estimates, �7 for
E13 and �8 for H13, are higher than values commonly
observed in proteins (4.3–4.5 for glutamate and 6–7 for
histidine; Creighton, 1993), as well as our own NMR de-
terminations. If the chemical properties of the side
chains are unchanged, the data would be consistent
with local pH  2 pH units lower than bath pH.

Estimating the Local Electrostatic Potential in the
Channel Vestibule

Protons induce a fast block of the sodium channel that
is observed as an apparent reduction in the single
channel current (Benitah et al., 1997). The wild-type
sodium channel is blocked by protons with an appar-
ent pK between 4 and 5 (Woodhull, 1973), and only
�0.5 U higher for batrachotoxin-activated channels
(Huang et al., 1979). Although a complete titration
curve of the sodium channel activity was not attempted
in this study, our data are sufficient to estimate a pK of
5.29 	 0.03 (Fig. 2 B), which compares favorably with
the previous determinations.

A noteworthy finding in our present study is that al-
though the �CTX derivatives partially occlude Na ions
from permeating through pore, they do not prevent
protons from blocking the channel. This is demon-
strated by the lack of pH apparent dependence of Fres

for R13A, indicating that the channel is being titrated
normally even with the toxin bound to it. Since toxin
residue 13 binds closest to the selectivity filter, it should
sense the local pH within the pore’s vestibule. On this
basis, we estimated the pH difference between bath
and vestibule solution by comparing the pK of the ti-
tratable toxins (R13E and R13H) in free solution and
channel-bound configurations. The results indicate
that the pH at the channel vestibule is at least 2 U lower
than in bulk solution, which is also supported by the
pH dependence of the kinetics. This means that, when
referenced to local pH rather than the value in solu-
tion, the proton block site on sodium channels may ac-

tually have a pKof �5.3 � 2 � 3.3, a value more typical
of a carboxylate group.

The proton concentration difference between pore
and free solution can be used to estimate the potential
within the pore. The difference between the two con-
centrations can be described by the Boltzmann equa-
tion:

(5)

where [H]p is the proton concentration within the
pore, [H]∞ is the concentration in free solution, zH �
�1 is the charge of a proton, � is the local potential in
the channel pore, and RT/F � 25.3 mV at 20�C. Eq. 5
simplifies to:

(6)

so that the local potential can be estimated directly
from the difference in pH between pore and free solu-
tion (�pH). We define � as an equilibrium parameter
at the pK of the group being titrated; in general, its
value will depend on the whole electrostatic environ-
ment, including the complete array of toxin and chan-
nel charges in the neighborhood. It should be noted
that any conformational changes, changes in charge, or
shifts in position of different charged groups could af-
fect the estimated value of �. With �pK �2, the local
potential is approximately �117 mV, favoring concen-
tration of cations in and near the vestibule. This is a
surprisingly large value, especially given the presence
of the toxin, and is approximately twice the magnitude
estimated in two different studies (Green et al., 1987;
Khan et al., 2002). Despite the care and attention to de-
tail in these analyses, there are several possible reasons
for the quantitative discrepancies. Green et al. (1987)
used an analysis of conductance-concentration rela-
tions with TEA and Ba2� as ion substitutes to maintain
ionic strength to estimate the surface potential near
the pore mouth. A later study (Naranjo and Latorre,
1993) concluded that estimates of surface charge (and
hence, potential) by this general approach are quite
sensitive to the choice of ionic conditions. A further
complication is that the particular model for ion per-
meation, to which the calculation of surface potential is
coupled, also influences the quantitative outcome. In
the study by Khan et al. (2002), the estimate of local po-
tential near vestibular protonation sites of �58mV, was
clearly identified as a conservative lower limit. This was
based on their experimental estimates of the change
in pK for titration of channel conductance per unit
charge change introduced by point mutations in the
“outer charged ring” of the pore. If one uses their up-
per limit of �pK � 0.4 per unit charge, rather than the
lower limit of 0.25, then the estimated potential near

H[ ]p H[ ]∞ zHψF– RT⁄( ),exp=

ψ ∆pH RT F⁄×( )– 0.434zH( ),⁄=
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the titration site is essentially identical to our own esti-
mate in the vicinity of bound toxin residue 13.

If all of these different analyses were accurately sam-
pling precisely the same space, this would leave unan-
swered the question of why the presence of a bound
conotoxin should not appear to substantially increase
the local potential. However, the different assays used
in these studies almost inevitably sample a somewhat
different local potential on an atomic scale. Conse-
quently, we are not convinced that there is a fundamen-
tal conflict reflected by the different numerical results.

Furthermore, in studies by Karlin and collaborators,
the reaction rates of charged methanesulfonate re-
agents with selectively inserted cysteine residues were
used to map the potential in the nicotinic acetylcholine
receptor channel (Pascual and Karlin, 1998; Wilson et
al., 2000). Their estimates of local potential within the
pore ranged as negative as �230 mV, with extremely
steep potential gradients (��  100 mV over �10 Å).
This not only makes our own estimates of local poten-
tial at a defined location in the Na channel vestibule
look relatively modest, but also emphasizes the point
that potential estimates made with atomic scale probes
can be expected to be exquisitely sensitive to their posi-
tion on a scale of Å.

In our own study, the shifts in residue 13 pK from so-
lution to the bound-state vestibule (pKFres - pKNMR) were
3.15 and 2.15 for glutamate and histidine respectively.

This difference is intriguing, and may result in part
from the fact that the titrations occur over different pH
ranges, and hence in the context of different charge ar-
rays, for the two derivatives. Any conformational differ-
ences between these two situations would further com-
plicate the interpretation of the difference in pK shifts
for glutamate and histidine. As a convenient working
hypothesis, and to give some quantitative sense for the
energetic implications of our results, we interpret the
shifts in purely electrostatic terms. We see this as no less
useful—and no more rigorous—than the interpreta-
tion of voltage dependence of gating or channel block
in terms of effective gating charge or electrical distance
to a blocking site. We do, however, consider the esti-
mate of a local potential as a useful interpretive device.

pH Dependence of Toxin Binding

The estimate of residue 13 pK in R13E and R13H from
binding kinetics could, in principle, have been affected
by proton block of the sodium channel. For example,
at low pH, TTX shows reduced binding affinity whereas
at high pH the toxin affinity saturates (Ulbricht and
Wagner, 1975; Huang et al., 1979; Ulbricht et al., 1986).
The reduction in TTX affinity appears to involve a site
lying �40% through the membrane voltage drop (Ul-
bricht et al., 1986), with pK identical to the channel.
So, the pH dependence of this small guanidinium
toxin seems to reside not in its own titration, but rather

Figure 8. Correlation be-
tween binding kinetics and
the bound-state charge of res-
idue 13. Kd and kon show a
clear correlation with esti-
mated residue 13 charge
(q13,est), as determined from
the titrated fraction of Fres(0)
from Fig. 3 B. The lack of
correlation between koff and
q13,est suggests that bound
times are limited by short
range chemical interactions,
rather than the pH-depen-
dent charge changes in resi-
due 13. For R13A, q13,est is set
to 0.
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in the competition with protons for a common site. It is
less likely, however, that the pH dependence of the
R13E and R13H �CTX mutants can be solely ascribed
to this mechanism. First, although �CTX has some
functional similarity to TTX (i.e., both are site 1 toxins;
Catterall, 1992), it is unlikely to penetrate as deeply as
do protons. Second, �CTX has more extensive interac-
tions with the channel vestibule than TTX. In particu-
lar, although the guanidinium toxins appear to share
the need for a charged outer ring on the channel
(Noda et al., 1989; Terlau et al., 1991; Kontis and Gol-
din, 1993; Lipkind and Fozzard, 1994; Stephan et al.,
1994), TTX binding requires a phenylalanine or tyro-
sine adjacent to the selectivity filter residue in domain I
(Backx et al., 1992; Satin et al., 1992). In contrast,
�CTX affinity is not particularly sensitive to point mu-
tations in the DEKA filter (Dudley et al., 1995; Chang
et al., 1998), but it is affected by mutations of residues
in the outer charged ring and even outside the pore
loops (Li et al., 1997; Chahine et al., 1998; Chang et al.,
1998; Li et al., 2000, 2003). These differences between
the actions of �CTX and TTX suggest that the former
does not compete in a simple manner with proton
block. Finally, there is a clear correlation between resi-
due 13 charge in the bound state, and toxin equilib-
rium dissociation constant and association rate con-
stant (Fig. 8). Overall, the data suggest that the pH de-
pendent changes in the kinetics of �CTX result from
titration of side chains of both the toxin and/or chan-
nel, with a major influence from toxin residue 13.

Residue 13 is a crucial determinant of �CTX block of
sodium channels (Lancelin et al., 1991; Sato et al.,
1991; Becker et al., 1992). Arguably, the need to use
�M concentrations of a toxin might raise questions
about its specificity. All residue 13 derivatives require
relatively high concentrations (from submicromolar to
submillimolar) for substantial binding. However, there
is evidence that the block is specific. First, the discrete
events that we observe as partial block of the unitary
current exhibit a single conductance, suggesting that
these toxin derivatives bind to a specific site on the
channel. Second, the concentration of applied toxin
does not affect the residual current; instead, it is consis-
tent with a single toxin binding site (unpublished
data). Third, the fractional residual current is pH de-
pendent only for toxins with a titratable residue 13, and
the titration is consistent with a single proton binding
site. The fact that a residue 13–dependent titration is
seen with residues so chemically different as glutamate
and histidine is consistent with maintenance of a fixed
toxin orientation in the pore despite the different sub-
stitutions. Collectively, these points indicate that the
�CTX residue 13 derivatives bind with a one-to-one
stoichiometry to the sodium channel, analogous to the
wild-type toxin.

The Permeation Pathway

Ion permeation through highly selective cation ion
channels has long been thought to involve the inde-
pendent (Hodgkin and Huxley, 1952) or single-file
(Hodgkin and Keynes, 1955) motion of ions through
discrete pathways, dependent on the channel type and
the conditions. In the case of voltage-dependent potas-
sium channels, this pathway involves as many as four
discrete electronegative ion binding sites, with high
flux achieved by a billiard-ball mechanism (Morals-
Cabral et al., 2001; Zhou et al., 2001; Miller, 2001). In
voltage-dependent calcium channels, a similar mecha-
nism has been proposed with two sites (Tsien et al.,
1987; Ellinor et al., 1995). In voltage-dependent so-
dium channels, probably two sites are needed to ac-
count for the available data (French et al., 1994), but
significant double occupancy appears likely only at very
high sodium concentrations (Ravindran et al., 1992),
despite difficulties in the interpretation of complex
datasets (Naranjo and Latorre, 1993). If the acidic resi-
dues of the selectivity filter (aspartate and glutamate in
domains I and II, respectively) contribute to one of
these sites, then perhaps the outer ring of charged resi-
dues (lying three residues away) contributes to the sec-
ond one. In support of this, neutralization of one of the
outer ring charges (E758C) exhibits a reduced conduc-
tance (Chiamvimonvat et al., 1996).

Recent models indicate that �CTX interacts inti-
mately with the outer charged ring of the sodium chan-
nel, particularly E758, and that even the native toxin
may not completely sterically occlude the pore (Hui et
al., 2002). Interestingly, the partial block that we see
with R13A is similar to the reduced conductance of
E758C channels, providing further support for the inti-
mate interaction between R13 and E758. Consistent
with the role of E758 in conduction, and from toxin-
channel coupling studies (Chang et al., 1998), binding
appears to be displaced off-center from the pore axis so
that the toxin does not completely plug the pore, in
contrast to the case for charybdotoxin and agitoxin
block of potassium channels (Miller, 1995; MacKinnon
et al., 1998). Taken together, �CTX R13X derivatives
appear to block one portion of the permeation path-
way, but they leave space for ions to traverse. The more
complete block by the native �CTX may result from
strategic charge placement, rather than complete steric
occlusion. In contrast, TTX and STX block at the selec-
tivity filter (Penzotti et al., 1998), leaving no current
(French et al., 1984; Moczydlowski et al., 1984a,b). Per-
haps there are multiple roads entering the pore, ap-
proaching one selectivity filter. This possibility is raised
by a low resolution three-dimensional structure (Cat-
terall, 2001; Sato et al., 2001). It is difficult, however, to
see how a molecule of the size of �CTX could essen-
tially completely block single channel current in the
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4-port structure of Sato et al. (2001). A complete un-
derstanding doubtless will require further functional
studies and a high resolution structure.
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